We have used a stepwise approach consisting of initial interrogation, confirmation and fine mapping to analyze STAT3, IL1B and IFNGR1 as modifiers of cystic fibrosis disease building upon the data and sample collection of the European Cystic Fibrosis Twin and Sibling Study. We have observed direct correlation between the length of the intronic microsatellite STAT3Sat to STAT3 expression levels among F508del-CFTR homozygous patients (P¼0.0075), and an association of longer STAT3Sat-alleles with the presence of CFTR-mediated residual chloride secretion (P¼0.0031), measured as the manifestation of the CF basic defect in intestinal tissue. Both, family-based analysis by TDT and case-reference comparison identified consistently the same intragenic IL1B haplotype as a risk variant (P raw ¼0.055 for TDT, P raw o0.3 for case-reference comparison). Using haplotypeguided hierarchical fine mapping, we have identified two single nucleotide exchanges for which concordant and discordant sibling pairs differ at a 7 kb -spanning core haplotype in IFNGR1 (P raw ¼0.0113). Taken together, our findings imply that immunorelevant pathways and ion secretion, dominated by CFTR in intestinal and respiratory epithelium, merge at the level of the epithelial cell to integrate the signaling of cytokines due to innate and acquired immune defense.
INTRODUCTION
Cystic fibrosis (CF) is known as an autosomal recessively inherited disease caused by two defective copies of CFTR, 1 encoding a chloride [2] [3] [4] and bicarbonate [5] [6] [7] [8] channel expressed in the apical membrane of epithelial cells. 1 Manifestation of this generalized exocrinopathy results from the CFTR-transmitted basic defect, described as altered chloride transport in CFTR-expressing tissues. The symptoms of the disorder are caused by an impaired function of exocrine glands in many organs, predominantly within the gastrointestinal and respiratory tracts. The CF basic defect can be assessed in vivo by sweat chloride measurement and nasal potential difference measurement or ex vivo by intestinal current measurement on excised intestinal biopsies. 1, 9 Among F508del-CFTR homozygotes, the observation of small to subnormal chloride conductance assessed in nasal or intestinal tissue, described as CFTR-mediated residual chloride secretion, correlates with a milder course of CF disease. 9 Although the mode of inheritance defines CF as a single-gene disorder, its variable course indicates that non-inherited and inherited factors shape the manifestation of the monogenic disease, which has been acknowledged by several research groups with an investigation of CF-modifying genes. The disease is characterized by a proinflammatory state, 10 which has been described in-vitro in cell systems, [11] [12] [13] [14] [15] [16] using a murine model 17 and was confirmed mostly, [18] [19] [20] [21] albeit not exclusively, 22, 23 in ex-vivo material studied from CF patients. Consequently, several studied candidate genes were derived from the field of immunity, immunology and host defense such as the cytokines IL8, [24] [25] [26] IL1B 25, 26 and TGFB1. [28] [29] [30] We report our data on three candidate genes as modifiers of CF investigated in the framework of the European CF Twin and Sibling Study, 26 based on which we have described previously the immunorelevant receptors for TNFa 31 and FAS 32 as CF modifiers. For this work, the signal transducer and activator of translation 3 (STAT3), the cytokine interleukin 1b (IL1B) and the receptor for interferon g (IFNGR1) have been selected based on transcriptome data comparing F508del-CFTR homozygous CF patients stratified for low, medium or high residual chloride secretion and non-CF controls. We have compared cases and reference patient populations to detect an association with CF disease severity, CF intrapair discordance and the CFTR-mediated basic defect using as a first-step informative microsatellite markers to interrogate the candidate genes. 26 Here, we describe previously unreported details of: (1) STAT3 where functional data indicate that the intragenic microsatellite used for initial genotyping determines STAT3 expression levels; (2) IL1B where follow-up analysis with intragenic SNPs confirmed the microsatellite signal; and (3) IFNGR1 where haplotype-guided hierarchical fine mapping 33 allowed us to describe the major modifying variants by the base.
PATIENTS AND METHODS

Study population
We have carried out an association study comparing F508del-CFTR homozygous CF patient subsets selected for an extreme clinical phenotype and/or their CF basic defect manifestation. The study population and the selection criteria for cases and references of the association study has been described in detail elsewhere. 26 Briefly, genotyping data from 101 CF families, 85 of which are a subgroup of the twin and sibling study panel of 466 twin and sibling pairs, were used for the association study. All patients have been enrolled into the association study based on their extreme clinical and/or their electrophysiological phenotype as characterized by intestinal current measurement or nasal potential difference measurement of the CF basic defect of the intestinal and respiratory epithelium, respectively. The definition of informative sub-populations stratified for CF endophenotypes and sample sizes as detailed in Table 1 is described comprehensively in the online supplement to our previous work. 26 Although the entire data set of two indels, 101 SNPs and 79 microsatellites has recently been published, 26 this work gives details on STAT3 and IL1B that have not been reported elsewhere. Data on nine SNPs typed in IFNGR1 are reported within this manuscript for the first time.
Expression levels of STAT3 were derived from transcriptome profiling of F508del-CFTR homozygous unrelated patients. The expression data were normalized for chips and evaluated using Affymetrix Microarray Suite v5.1 software (Affymetrix, Santa Clara, CA, USA). The candidate genes STAT3, IL1B and IFNGR1 were extracted from the transcriptome data generated from the intestinal epithelium of F508del-CFTR homozygotes and non-CF controls. 26, 32 STAT3 was observed to be upregulated in F508del-CFTR homozygous patients who do not exhibit residual chloride conductance based on transcriptome data from rectal suction biopsies from four F508del-CFTR homozygous patients without residual function, and three F508del-CFTR homozygous patients with median residual function and five F508del-CFTR homozygous patients with high CFTR-mediated residual function. IL1B and IFNGR1 were upregulated in CF as compared with non-CF control individuals based on the comparison of transcriptome data from 14 F508del-CFTR homozygous CF vs 8 non-CF rectal epithelial tissue samples. The corresponding transcriptome data have been deposited in the GEO database under accession no. GSE15568. 26 Haplotype-guided hierarchical fine mapping: principle of the assay
To map a modifier, we choose a stepwise approach: first, at least one informative microsatellite in the vicinity of the candidate gene was typed and the data were evaluated comparing allele distributions between case and reference patient populations.
If a case-reference contrast was detected in this initial screen, informative SNPs within the gene of interest were selected for the second stage, aiming for those that have a high minimal allele frequency (MAF). The SNP data were then evaluated for differences in haplotype distributions comparing case and reference patient populations.
Diversity of haplotypes, defined as the combination of alleles at linked markers on one chromosome, arises from mutation and recombination events. Our functional SNP of interest, that is, the modifier that we try to map, will have occurred as a novel mutation at some point in time and has introduced a novel haplotype into the population. To identify the genomic fragment carrying this mutation, the phylogenetic age of the SNPs used for haplotype-guided hierarchical fine mapping is crucial; assuming that all single nucleotide exchanges happen only once and do not revert to their previous allelic state by a second reverse mutation event at the same genomic position, the haplotype defined by SNPs, which are phylogenetically older than our variant of interest, can only have been altered by a recombination event in subsequent generations 34 as recombination events lead to the exchange of entire genomic segments between homologous chromosomes. In other words, haplotypes that are composed of ancient SNPs contain positional information because linkage disequilibrium to the variant of interest, that is, functional variant within the modifier gene, will decay in relation to physical distance as recombination events are more likely to occur between distant markers. 34 Obviously, neither the phylogenetic age of an individual SNP used for genotyping nor the phylogenetic age of the functional variant that we aim to map as a CF modifier is known to us a priori. For the lack of a better rationale, we have restricted our analysis to SNPs with high MAF, assuming that these are old markers because both alleles are meanwhile observed with equal frequency in the present-day population.
Finally, upon identification of the genomic fragment that carries the variant of interest, patients who carry contrasting haplotypes and display contrasting phenotypes are selected for comparative resequencing of the haplotype block of interest in the third and final stage. This approach allows the identification of all SNPs that differ between the case and the reference haplotype, enabling functional annotation to identify the modifier by the base. 33 In this study, we report on STAT3 (first stage of microsatellite genotyping), IL1B (microsatellite genotyping followed up by low-density fine mapping to confirm the allelic association) and IFNGR1 (fine mapping completed including resequencing of contrasting haplotypes).
Association study
Genetic data for the association study was evaluated using the FAMHAP software package, 35 which allows family-based analysis 36, 37 and accepts data evaluation in association studies on unrelated individuals, as well as on affected sib pairs. 35 All case-reference comparisons were carried out using 10 000 Monte-Carlo simulated data sets. [35] [36] [37] Nuclear families were analyzed by the transmission-disequilibrium test 38 extended to both nuclear families with more than one affected child and to multimarker haplotypes. [35] [36] [37] The analysis of more than one marker per locus is corrected for multiple testing by haplotype permutation (P global ). 36 In the context of the candidate genes STAT3, IL1B and IFNGR1 reported in this study, we report on the family-based transmission-disequilibrium test and on the following three phenotypic case-reference contrasts: the CF basic defect assessed by intestinal current measurement was evaluated by STAT3, IL1B and IFNGR1 as CF modifiers H Labenski et al comparing a set of patients devoid of residual chloride secretion as controls to patients who exhibit CFTR-mediated residual chloride secretion. Candidate genes were interrogated for their association with disease severity using the phenotypic contrast between concordant/mildly (CON+) affected patient pairs, concordant/severely (CONÀ) affected patient pairs and discordant patient pairs (DIS), whereby discordant pairs were compared with all concordant sib pairs (CONC). The latter comparison asks whether CF intrapair discordance is modified by variants in the candidate gene mediated through interaction partners encoded in trans: 26,31,39 two sibs of a discordant pair mostly share their alleles at the investigated loci while their phenotype is dissimilar by designation. 40 Consequently, their discordant phenotype cannot be based on the investigated sequence alone if these are shared by two discordant sibs. Instead, an observed allelic association with the discordant phenotype implies a regulatory element encoded in cis -not present among concordant chromosomes -which can be targeted by a DNA-binding protein encoded in trans or alternatively, any similar gene-gene interaction on the transcriptional or post-transcriptional level. Functionally, non-equivalent variants of these trans-acting factors can thus introduce discordance within sib pairs, while concordant pairs, lacking the cis-responsive element which is detected by the association study comparing concordant and discordant pairs, are not sensitive to the allelic variants of the regulator. 26, 31, 39 Genotyping Genotyping of markers in IL1B and the microsatellite in IFNGR1 was carried out as detailed elsewhere. 26 Primers for genotyping of the STAT3 microsatellite in intron 6 are: 5¢-TTCTGCCTGGTCACTGACTG and biotin 5¢-GGAGGTACG GGTCCTCAAAG, the biotin label being optional if another system for detection is used. We found the following conditions that are useful for amplification: 50 ng of genomic DNA dissolved in 5 ml of TE buffer, 0.2 mmol/l unlabeled primer, 0.8 mmol/l labeled primer, 0.8 mmol/l dNTPs, 3.3 mmol/l MgCl 2 , 0.25 U of Taq Polymerase from Invitek (Berlin, Germany) in a total reaction volume of 15 ml. Amplification was carried out with a Primus 96 advanced Thermocycler from Peqlab (Erlangen, Germany) using 45 cycles with an annealing temperature of 651C for 1 min, extension at 721C for 1 min and denaturation at 921C for 30 s.
Low-resolution analysis, sufficient to distinguish small and large repeats but insufficient for precise allele calling, can be carried out on a 1-cm thick 0.8% agarose gel in a custom-made electrophoresis chamber with a 25-cm distance between electrodes, using 10 cm for separation of samples (see Figure 1) . Reaction conditions were modified using 0.5 mmol/l of both primers without biotin label, 1.7 mmol/l MgCl 2 and 0.4 U Taq Polymerase in a total reaction volume of 30 ml.
SNPs in IFNGR1 were typed by PCR-RFLP using the following primers for amplification and the specified restriction enzymes to distinguish the two allelic variants: rs12529779: 5¢-TAGCCATGAAATTTTTGGCCATTT-3¢/5¢-TTTTTCA GCCTGGTGCTTAG-3¢ and BlpI; rs1327474: 5¢-ACATTCGCATGTTTGAGCAC-3¢ /5¢-CAATTCAGTGTCAAATCAGTTGAT-3¢ and BfuCI; rs2234711: 5¢-GGCTTC CCGGACTTGAC-3¢/5¢-AGAGGAGAGCCATGCTGCTA-3¢ and BtsI; rs7749390: 5¢-CTAGGGCGACCTCGGAGA-3¢/5¢-TCTCCTACCCCTTGTCATGC-3¢ and Cac8I; rs9376269: 5¢-TTCTCTGGAGCTCGTAATCACA-3¢/5¢-TGGCAGTCCGTCTTA GGTCT-3¢ and HpyCH4 III; rs1327475: 5¢-CAGAATGAGGTTTGAACCAGAA-3¢/ 5¢-GGAGAAGACTATTTTCTGGTGGCTTC-3¢ and MwoI; PSNP: 5¢-AGTGGC AGAAAGCTGAGTGA-3¢/5¢-TTCCCATGATTGAGCAAAGTC-3¢ and MboII; rs9376268: 5¢-CCTGCCATCTCTGGTTCTCT-3¢/5¢-AGGAGGTTGAGATGCA AACG-3¢ and HphI; rs9402879: 5¢-CATCTAATCAGACACTACCAAAATCT-3¢/ 5¢-TCAACAGATCCTCCCACCTC-3¢ and MseI.
Sequencing intron 1 of IFNGR1
Sequencing of the IFNGR1 intron 1 was carried out from PCR products generated from a patient's DNA material, whereby the three selected subjects carried contrasting basic defect phenotypes and haplotypes. Only patients for whom the haplotypes could be unequivocally reconstructed from their parental genotypes were included for sequence analysis, rejecting all families with non-informative phases for this part of the study. The 7016 bp PCR product was generated using the terminal primers 5¢-TGGCAGTCCGTCTTAGGTCT-3¢ and 5¢-ACCTTTTTGTGGCCAGTGAC-3¢. For generation of 500-800 bp reads, the terminal primers and a total of 22 evenly spaced internal primers on the forward and the reverse strand were used (Qiagen, Hilden, Germany). Raw reads were aligned to the reference sequence using the CodonCodeAligner (CodonCode Corporation, Dedham, MA, USA). The sequence variant PSNP identified by sequencing was verified by PCR-RFLP test and integrated into the data evaluation after genotyping of the entire patient cohort.
RESULTS
We have analyzed the three candidate genes STAT3, IL1B and IFNGR1 for association with CF disease severity, intrapair discordance and manifestation of the basic defect. Evidence for allelic association was observed for STAT3 and CFTR-mediated residual chloride secretion in intestinal tissue, for IL1B and disease severity and for IFNGR1 and intrapair discordance upon initial typing of one (STAT3 and IFNGR1) or three (IL1B) microsatellites. 26 Subsequently, confirmatory typing of three intragenic SNPs in IL1B and haplotype-guided hierarchical fine mapping using nine SNPs in IFNGR1 confirmed these initial associations (Table 1) .
Length variation of an intragenic microsatellite determines STAT3 expression levels and manifestation of the CF basic defect STAT3 was interrogated for its association with the CF basic defect by genotyping the intragenic 20mer repeat STAT3Sat, encompassing roughly three quarters of the gene's intron 6 as judged from the reference sequence (Figure 1a) . Allele distribution at STAT3Sat was significantly different comparing patients who exhibit CFTR-mediated residual secretion and patients who do not express chloride secretion as assessed by intestinal current measurement of rectal suction biopsies (P¼0.0031; Figure 1c ), whereby residual chloride secretion was associated with a higher frequency of rare, large alleles at STAT3Sat. Evaluation of the transcriptome data of 13 F508del homozygotes for whom the STAT3Sat genotype could be unequivocally assigned demonstrated a genotype-phenotype correlation (P¼0.0075; Figure 1d ), whereby carriers of large STAT3Sat alleles showed lower STAT3 expression levels.
IL1B modifies CF disease severity
As the three microsatellites typed initially to interrogate IL1B were located at a distance of 26, 23 and 96 Mb to IL1B, 26 three intragenic SNPs selected for high MAF have been genotyped to confirm that the initial association was due to IL1B. Allele distribution at IL1B SNPs rs3917356 and rs4848306 was different comparing concordant mildly and concordant severely affected patient pairs (P raw ¼0.0296 and P raw ¼0.0256; Table 2 ). Although marker rs1143643 does not capture this association, it detects a transmission disequilibrium among CF families (P raw ¼0.055; Table 2 ). To assess whether the risk allele of the family-based TDT and the case-reference comparison is detected consistently with both approaches, we have constructed three-marker haplotypes. The IL1B haplotype 2-2-2 was more frequently observed among non-transmitted parental chromosomes, accounting for 40% of alleles that were not inherited from the parents to their CF offspring. This haplotype also accounted for the majority of chromosomes among concordant severely affected patients, confirming the designation of an IL1B risk allele by both analytical approaches. Complementary, haplotype distributions were similar on transmitted chromosomes and among concordant mildly affected patient pairs (Table 2) .
Haplotype-guided hierarchical fine mapping of a CF modifier in IFNGR1 To confirm the association signal detected with an IFNGR1 intragenic microsatellite, 26 we have genotyped eight informative SNPs in STAT3, IL1B and IFNGR1 as CF modifiers H Labenski et al IFNGR1 (Figure 1a ) and compared concordant and discordant patient pairs at their haplotype distributions composed of two adjacent markers (Figure 2b) . Allele frequencies at marker rs1327475 and for haplotypes rs9376269-rs1327475 and rs1327475-rs9376268 were significantly different comparing concordant and discordant patient pairs (P raw ¼0.0075 for rs1327475, P raw ¼0.0113 for rs9376269-rs1327475 and rs1327475-rs9376268). Significance was retained after correction for multiple testing of the entire data set of 10 markers (P corr ¼0.0358, Table 1 ). In contrast, allele frequencies for SNPs located within the IFNGR1 promotor were similarly distributed in concordant and discordant patient pairs. Next, we selected patients with contrasting phenotypes and haplotypes for resequencing of a 7016 bp fragment of the IFNGR1 intron 1 including markers rs9376269-rs1327475-rs9376268 (Figure 2a) , ascertaining all putative variants that can account for the observed association. Concordant and discordant chromosomes differed at only two positions on this 7 kb fragment, that is, at rs9376268 and at a novel SNP 455 bp upstream of rs9376268 (Figure 2c ). Typing of all CF families by PCR-RFLP confirmed linkage disequilibrium between previously typed SNPs of the core haplotype (Figures 2d and e) .
DISCUSSION
The majority of CF-modifying genes have been investigated by a candidate gene approach as AAT variants have been studied by isoeletric focusing in the early 90 s. 41, 42 On the basis of our previous experience, 26, 31, 33 we have applied a stepwise approach to investigate three candidate genes that have been selected based on transcriptome analysis of intestinal samples for this study. First, we have genotyped at least one highly informative microsatellite in (STAT3 and IFNGR1) or near (IL1B) our gene of interest. Next, we typed intragenic SNPs to locate the observed association signal (IL1B) and evaluated twomarker haplotype fragments to identify the genomic segment that (ACTCCTTGACCTGAGGGAAT) n 100 bp
DBE Agarose
Allele calling ARU Strong Sig. STAT3, IL1B and IFNGR1 as CF modifiers H Labenski et al carries the causative variant, followed by re-sequencing of contrasting haplotypes to describe the sequence variants for which cases and control differ comprehensively by the base (IFNGR1). Although modern high-throughput technology allows for genomewide scans using SNP, 43, 44 microsatellites 45 or in-depth investigation of candidate genes with multiple SNPs, 27 reports of modifying variants that have been systematically mapped and functionally validated by means of modifier-genotype/patient's-phenotype correlation are still the exception in the CF modifier field. In the light of this, we admit that the direct correlation between the length of the intronic microsatellite STAT3Sat and STAT3 expression levels among F508del-CFTR homozygous patients was an unexpected finding by serendipity as STAT3Sat was purely genotyped to capture inherited variants of the candidate gene.
The longer the repeat in intron 6 of STAT3 -and consequently, the larger the physical distance between the 3¢end of exon 6 and the 5¢ end of exon 7 -the lower were the mRNA levels observed in epithelial tissue obtained from rectal suction biopsies (Figure 1d ). Although we cannot rule out that point mutations in linkage disequilibrium to STAT3Sat are causative for the downregulation in mRNA levels, it is Left side panels: samples #1 -#6, visualized by direct blotting electrophoresis (DBE) using a high-resolution polyacrylamide gel as described elsewhere. 26, 52 Primary data and allele calling results are shown at two different exposure times each to enable the visualization of strong and weak signals. 52 Please note that due to preferential allele amplification, signal intensity depends on the size difference between two alleles within one sample as exemplified by the strong signal for allele 21 in lane 4 in comparison with the weak signal of allele 21 in lane 5 (nuclear family: samples #3, father; #4 mother; #5, child). Using an invariant set of control samples for all analyses, alleles were calibrated in arbitrary repeat units (ARU), whereby the most frequently observed allele was defined as 10 ARU. Right side panel: samples #7 -#13; low-resolution analysis, sufficient to distinguish small and large repeats, can be carried out on an agarose gel. Genotypes as specified below the gel were ascertained by high-resolution genotyping using DBE. (c) Allele distribution at the intronic STAT3-repeat among patients with CFTR-mediated residual chloride secretion, detected by ICM (ICM-res.; top panel) and among patients without residual chloride secretion (ICM no res., bottom panel). Allele distributions differ significantly whereby rare large alleles accumulate among patients with CFTR-mediated residual chloride secretion (P¼0.0031; permutation analysis with 10 000 simulated data sets). Preferential amplification of smaller alleles in the presence of larger alleles, a common feature for amplified repeats when the size difference between PCR products is several 100 bp, is taken into account in this representation as follows: we acknowledge that if the primary data suggest homozygosity for a small allele but the genotype cannot be assigned unequivocally based on the parental genotype information, a larger allele might be present in that sample but detection might fail as it could be amplified below the detection limit due to the preferential amplification of the smaller PCR product, giving the appearance of homozygosity for a small allele. In these cases, the individual was scored heterozygous for a small allele and an unknown allele summarized as pref. amp. in the figure. Please note that this condition -that is, the uncertainty to distinguish a homozygote for a small allele from a heterozygous individual -was frequently observed among patients without residual chloride secretion, indicating that the proportion of true homozygous carriers of small alleles, and consequently the true frequency of small alleles, in this group is larger than appreciated by our cautious interpretation. (d) Correlation of STAT3 expression levels, measured by probe set 208992_s_at of the GeneChipHuman Genome U133 Plus 2.0 Array (Affymetrix) to STAT3 repeat genotype. Data for 13 F508del homozygous patients for whom both (5¢-ACTCCTTGACCTGAGGGAAT-3¢) n alleles could be unequivocally assigned was incorporated into the analysis. Groups are: patients homozygous for small alleles, summarizing genotypes 8/12, 9/ 9, 9/10, 9/11, 10/10, 10/12, vs patients who carry at least one large allele, summarizing genotypes 8/ CFTR-transmitted basic defect among F508del-CFTR homozygous patients, while the transcripts of IL1B and IFNGR1 were upregulated in CF as compared with non-CF controls, 26 indicating that the CF/ non-CF status outweighs the influence of individual sequence variants on fluctuating mRNA levels in epithelial cells for these two genes. Concurrently, longer STAT3 repeats -and consequently, lower STAT3 expression levels -were associated with the presence of CFTR-mediated residual chloride secretion whereby the phenotype of the rectal tissue was ascertained by intestinal current measurement before mRNA analysis of the same specimen (Figure 1c ). This observation might reflect a relationship between STAT3, translating cytokine-mediated signaling into gene expression, and CFTR in the epithelial cell, implying that an activated STAT3-signal transduction pathway leads to loss of CFTR function. This hypothesis is in accordance with the findings that cytokines such as TNFa and IFNg, both of which are known to utilize STAT3 signaling among other signal transduction pathways 46, 47 have been reported to directly influence the CFTR expression and function. 48 The gold standard for genetic association studies has always been the replication of findings in different study populations. For IL1B, described recently as a modifier by a North-American consortium, 27 we have compared both studies (author's comment: by chance, the two SNPs rs1143634 (Levy et al) and rs1143643 (this work) differ by the last two digits only -discriminative ciphers have been underlined for your convenience). Levy et al 27 emphasize an association to SNPs rs1143634 and rs1143639 in IL1B while our data implicate rs3917356 and rs4848306 for an association with CF disease severity and detect a transmission disequilibrium at rs1143643 (Table 2) . Strikingly, both variants uncovered by Levy et al are located between rs1143643 and rs3917356, targeting the same 4 kb genomic fragment on our map. In other words, two studies that rely on different genotyping strategies and entirely independent patient pools have identified the same IL1B intragenic region as a CF modifier. In conclusion, we are convinced that our approach is cost effective and valid for initial interrogation and confirmation of CF-modifying genes.
Although further mapping of STAT3 variants appears obsolete in the light of the satisfying genotype-phenotype correlation between STAT3Sat and STAT3 expression levels and although the SNP map used to confirm IL1B as a modifier of CF disease severity is not dense enough to describe the causative molecular variant, we have mapped two potential variants determining CF intrapair discordance through IFNGR1 using haplotype-guided hierarchical fine mapping (Figure 2 ). These two single nucleotide exchanges, that is, rs9376268 and a novel SNP located 455 bp upstream of rs9376268 (Figure 2c) , are the only sequence differences comparing the 7 kb -spanning core haplotypes of chromosomes from concordant to discordant patient pairs ( Figure 2b and Table 3 ). As the contrast between concordant and discordant patient pairs has revealed this association, the molecular mechanism by which one or both of these SNPs modify CF intrapair discordance among CF patients must involve a factor encoded in trans 26, 31, 39 to IFNGR1. A plausible scenario would be a transcription factor-binding site unique to chromosomes carrying the haplotype 1-2-2 at rs9376269-rs1327475-rs9376268 present on nearly 80% of discordant chromosomes. Siblings who carry this haplotype and at the same time carry functionally different variants at the gene encoding for the corresponding transcription factor would be clinically discordant, while siblings who either carry 1-2-2 and the same information at the transcription factor site or who do not harbor the 1-2-2 haplotype per se remain concordant.
In summary, we have used a stepwise approach consisting of initial interrogation, confirmation and fine mapping to analyze STAT3, IL1B and IFNGR1 as modifiers of CF disease. Several cytokines have been identified to alter secretory properties of epithelial cells [48] [49] [50] [51] resulting in altered ion and fluid transport upon activation of host defense pathways. This has been interpreted as an unspecific host response to pathogens as the surface liquid is increased on the epithelium upon induction of a hypersecretory state by inflammatory stimuli, 49 and consequently mucociliary clearance of the intruding pathogen will be alleviated. Taken together, our findings imply that immunorelevant pathways and ion secretion, dominated by CFTR in intestinal and respiratory epithelium, merge at the level of the epithelial cell to integrate the signaling of cytokines such as TNFa via TNFR 31 and IFNg via IFNGR1 (this work) due to innate and acquired immune defense. It remains to be seen whether these genetic variants, being accumulated in the selected CF patient population, are also associated with higher fitness in the general human population or whether fully functional CFTR outweighs the modulation of the ion secretory pathway through components of the immune defense. As the pre- Markers with rs-numbers were used to identify the haplotype fragment carrying the modifier (see panel b and text for details). Marker SNP-P was identified after resequencing of 7 kb of intron 1 sequence, depicted by the gray bar, from carriers of contrasting haplotypes (see panels b and c, and text for details). (b) P-values for comparison of concordant (CONC) and discordant (DIS) patient pairs at allele distributions of eight SNPs and microsatellite IFNGR1Sat (open circles) and two marker-haplotype distributions of seven fragments defined by two adjacent markers (lines). Haplotype distributions of two adjacent fragments defined by rs9376269-rs1327475-rs9376268 differed significantly between concordant and discordant patient pairs (P raw ¼0.0113), hence the underlying genomic segment was selected for resequencing. (c) Intron1 sequence comparison at rs9376269-rs1327475-(SNP-P)-rs9376268 between chromosomes carrying the haplotype G-C-C-C, over-represented among DIS patient pairs (top row), and G-T-T-C, over-represented among CONC patient pairs (bottom row). (d) P-values for comparison of concordant (CONC) and discordant (DIS) patient pairs at single markers (open circles), two-(red), three-(orange), four-(yellow), five-(green) and six-marker haplotypes (blue), describing adjacent and distant combinations of nine SNPs. Haplotype blocks and LD at IFNGR1 (see panel e) is accounted for as follows: rs12529779 is combined with markers up to rs7749390 only as D', quantifying LD, between rs12529779 and rs9376269 is too low to accept LD. rs1327474 is only combined with physical close markers up to rs9376269. Please note that some haplotype combinations are not visible in this plot as identical values will not show in an overlay. P best ¼0.0035 is shown by the five-marker combination of rs2234711-rs9376269-rs1327475-rs9376268-rs9402879. (e) Visualization of LD by haploview. 53 LD and block structure were interpreted in accordance with Gabriel et al. 54 P-value given above is raw observed P-value, the corrected value being P corr ¼0.0358 (corrected for multiple testing of 10 markers in IFNGR1). 35, 37 Single nucleotide polymorphisms (SNPs) typed by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) are named according to the presence (allele 2) or absence (allele 1) of the diagnostic restriction site (see Patients and Methods section for details).
valence for CF-causing lesions in the CFTR gene is high in the Eurocaucasian population for which carriership is estimated to 1 in 25 individuals, a co-selection is conceivable even in the latter scenario.
